INTRODUCTION
Many measurements of radar backscatter froin Arctic sea ice have been performed 11-41, However very few of these measurements were performed during freeze-up and in the deep Arctic. To obtain data during freeze-up in the deep Arctic we participated in IAOE'91. We collected C-band radar backscatter data over first-year. second-year and multiyear sea ice. Radar measurements were accompanied by in situ sea ice property characterization at several stations and, when snow was present, its properties were also documented. The objectives of these measurements were to document the radar signatures of Arctic sea ice during freeze-up and to help understand the physics of scartering dui-ing this transition.
The backscatter data presented here demonstrate a dramatic increase in backscatter during the experiment. As the temperature dropped from around freezing to -5" C, the co-polarized (VV.HH) backscatter increased by a b u t 18 dB and the crosspolarized (VH.HV) backscatter increased by nearly 30 dB at 35" incidence angle. The increase in backscatter at 25" incidence angle was 15 dB for co-polarized and 24 dB for the cross-polarized U'.
In this paper w e show that the increase may be due to an increase in volume scatter, which overcomes the surface scatter that is present. In the warmer suminer months moisture on and near the ice surface doesn't allow penetration of electromagnetic energy into the sea ice, allowing only surface scatter. When the temperature drops this wet layer re-freezes, allowing for the penetration of the electromagnetic energy into the sea ice volume. The increase in backscatter during the freeze-up could be the result of this enhancement of volume scatter as the temperature drops.
EXPERliMENT DESCRIPTION IAOE'91 was an international research expedition into the deep We performed radar measurements with a C-band FM-CW radar scatterometer. We made radar measurements in two modes. In the transit mode, while the ship was moving, we made measurements at fixed angles of incidence of 50", 30" and 35" emphasizing 35". This angle (35") was the closest angle to those measured by the ERS-I S A R , that could be measured without the ship's affecting the sea ice and thus disturbing the measurement. When the ship was anchored to floes we acquired data at angles of incidence from 15' to 65" at a number of fiwed ice stations. At some of these ice stations coincident ice and snow characterization measurements were performed. Although the experiment ended prematurely, this data set encompassed a portion of the change in sea ice backscatter during freeze-up.
SYSTEM DESCRIPTION
We used a frequency-modulated continuous-wave (FM-CW) radar system to perform the backscatter measurements [SI. The scatterometer utilized an offset-feed parabolic reflector antenna. The system is physically divided into C-band and X-band sections and is capable of simultaneous C-band and X-band measurements, although only C-band measurements are presented here. With switching, data for all four linear polarizations (W, HH, VH, IIV) could be collected.
The RF section is housed in a single assembly, separate from the rest of the radar system, as is the IF section. The RF and IF boxes were mounted outdoors along with the antenna mount structure. The system were operated with a Zenith 386 computer system to provide the control over the switching and to store the data. We mounted the system along a rail on a deck just above the bridge and operated it from the bridge. This allowed us to monitor the ice conditions while backscatter data were being acquired.
COHERENT NOISE REDUCTION
The intermediate frequency (IF) spectra of the radar returns are used to obtain a measurement of the backscatter. The IF spectra of non-ideal radar systems consist of systematic noise sources due to a variety of factors. These include, but are not limited to, mismatch errors in the R F components, antenna feedthrough and multiple reflections in the RF subsection. The effect of these noise sources is to inject narrow bandwidth spikes into the IF spectrum. These noise s o w e s are systematic and coherent and therefore may be removed from the spectrum if processed properly. The effect of these noise sources was reduced by applying a coherent subtraction scheme. High-angle measurements were used as noise estimates and coherently subtracted from power returns, effectively reducing coherenf, systematic noise sources.
RESULTS
We applied coherent noise reduction techniques to all measurements acquired during IAOE'91 and used the resulting spectra to compute power returned from the sea ice. Figure 1 shows the spectrum of a return from sea ice for 35" angle of incidence before and after the c o h e m t noise removal technique was applied to the data. This plot demonstrates the capability of this technique to remove the noise "spikes" inherent in the radar system. Range (m) Figure 1 . Returned power for a measurement at 35" before and after coherent noise removal.
We calculated the backscatter coefficient from the returned power. To produce an estimate of the true U' we averaged independent samples taken at each angle for the station data. Figure 2 . Trend of backscatter for 25" incidence angle during freeze-up (left). and trend of backscatter for 35" incidence angle during the freeze-up (right).
There were 13 stations in which the angular measurements of the radar backscatter were taken. Figure 2 gives the results obtained from all the anchored stations to indicate the trend in backscatter during freeze-up at incidence angles of 25" and 35". Figure 3 shows the corresponding plot of air temperature and snow depth. A comparison of these plots clearly shows the strong dependence of the backscatter on both the temperature and the depth of the snow. These data help to quantify the amount of increase in backscatter from multiyear ice that occurs during ihe seasonal change between summer melt and fall freeze-up. Floes on which backscatter data were collected were covered with a snow thicknesses of 1 to 10 cm. Using snow particle size and density information we computed volume backscatter coefficient and absorption loss. The average volume scattering coefficient for snow was about -30 to -35 dB, which was much less than measured scattering from ice. The typical absorption loss was about 1 to 2 dB. Therefore, volume scatter or absorption loss from snow is not the probable cause of observed increase in backscatter [61.
Another hypothesis is that as melt ponds refreeze there is an increase in volume scatter in large area-averaged backscatter as was observed at Ku band from SEASAT scatterometer data [71.
The measurements taken in our study are not large-area averages, but are taken over small m a s . The effects of the melt ponds are seen in the individual measurements, but are removed when considering the general trend of figure 2. The effect of large-area averaging of melt ponds and ridging is an important consideration if our measurements are to be compared to satellite images such as those from the ERS-I SAR.
The most likely cause for enhanced backscatter during freezeup is the additional contribution from the ice volume to the total backscattered signal. When ambient temperatures are near melting, surface and near-surface layers of ice are moist. This causes the imaginary part of the dielectric constant of ice to increase rapidly. This in turn reduces the depth of penetration of electromagnetic signals into the sea ice. When the temperature drops this wet layer will re-freeze allowing for the penetration of the electromagnetic energy into the sea ice volume. The next section demonstrates that the increase in backscatter with decreasing temperatures is caused by the change of the dominant scattering mechanism from surface scattering to volume scattering.
MODELING
To explain the observed signatures of sea ice during the fall transition period we used simple scattering models to compute backscatter from sea ice. We employed the Rayleigh approxi- the measured data we determined that surface scatter is the primary source of backscatter before freeze-up and volume scatter is the dominant scattering mechanism after freeze-up. Figure 4 shows measured data along with surface scatter model predictions for second-year and multiyear sea ice before freezeup. The parameters used in the models were close to those typical of Arctic sea ice during this expedition [IO] . We used the following parameters to fit the second-year sea ice data: rms surface height, sh=2.5 mm; correlation length, Lc= 16 cm; average void radius. ~1 . 0 mm. For the multiyear sea ice data the following parameters were used to fit the data: sh=4 mm, Lc= 9.8 cm, -1.5 mm. ice. The measured data show weak dependence on incidence angle. The model provides a satisfactory fit to the measured data. This demonstrates that volume scattering dominates over surface scattering as the ice re-freezes.
CONCLUSIONS
C-band radar backscatter measurements of sea ice during freeze-up were made d+ng IAOE.91 from aboard the US Coast Guard icebreaker Polar Sfar. These measurements showed that the co-polarized backscatter increased by 15-20 dB at incidence angles of 25" and 35" during freeze-up. The crosspolarized measurements also showed the same dramatic increase as the temperature dropped. We have demonstrated that the increase in C-band backscatter during freeze-up is apparently due to a transformation of the dominant scattering mechanism from surface scatter to volume scatter. This enhanced volume scatter may be caused by a re-freezing of
